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1 of 37 Abstract 
  This study investigated the number of Major Histocompatibility Complex (MHC) 
class I genes in donkeys, their polymorphism, and their phylogenetic relationship to 
MHC class I genes of the horse.  It has been found through bioinformatic analysis of 
MHC class I sequences of horses of different haplotypes that classical MHC class I 
alleles commonly fall within four loci, with additional individual genes that do not fit 
within any of the four loci.  Conserved regions of horse and donkey MHC class I 
sequences were used to design PCR primers that amplified donkey class I genes.  RT-
PCR amplifications were carried out on donkey lymphocyte cDNA.  The MEGA 3 
program was used to cluster related sequences and to assign them to individual loci.  
Donkey sequences followed a similar pattern to that of the horse, having a few loci that 
contain many of the alleles and additional MHC class I loci that may be unique to one or 
only a few MHC haplotypes. The donkey alleles fell into either previously established 
horse loci or loci unique to donkeys.  Loci shared between horses and donkeys are 
probably older loci, having evolved before the split of hoses and donkeys, while loci 
detected in only one species may be younger.  Comparing the allelic variation between 
horses and donkeys will lead to a better understanding of the evolution of the highly 








2 of 37 Introduction 
The Major Histocompatibility Complex (MHC) is a gene-dense genomic region 
that encodes a variety of genes that function in immune responses.  The MHC was first 
discovered in the 1930s by Peter Gorer through his research in tumor transplantation in 
mice.  Mice from the same inbred strain did not reject tumor transplants and the tumors 
were able to grow while mice from non-compatible strains rejected the transplants and 
the tumors died.  Gorer determined the rejection to be due to a group of antigens later 
known as the gene products of the MHC (Klein, 1986).   MHC mismatching is a barrier 
to tissue transplantation within species.  The MHC class I and II genes encode a set of 
cell surface glycoproteins that present non-self peptides to CD8+ and CD4+ thymus-
derived lymphocytes (T cells) to induce immune responses (Germain and Margulies, 
1993).  The MHC class I and class II genes have been found in all the jawed vertebrates 
(Kulski et al, 2002).   
Most MHC class I and II genes are highly polymorphic, and this polymorphism 
creates different immune responses and susceptibility in individuals to certain antigens 
and diseases.  The high polymorphism of the MHC gives the immune system selective 
advantage against the diversity and variability of pathogens.  This helps to increase the 
population’s fitness against infection.  The high level of polymorphism also has the added 
risk of creating autoimmune diseases and there are more than 100 different autoimmune 
diseases or infectious diseases associated with the MHC (Kulski et al, 2002). 
Class I molecules present 8-9 amino acid long peptide antigens to CD8+ cytotoxic 
T cells.  These peptide antigens are produced by the proteasome from proteins found 
within the cell.  The peptides are transported into the endoplasmic reticulum by the TAP 
transporters (Kumánovics et al, 2003).  The peptide is then complexed with an MHC 
3 of 37 class I molecule and β-2-microglobulin and presented at the cell surface where it can be 
recognized by the T-cell receptor (TCR) on T lymphocytes to initiate a specific immune 
response.  In this way MHC class I serves to provide immune surveillance against 
intracellular pathogens.  MHC class I molecules are also involved in regulation of innate 
immunity.  They serve as ligands for both inhibitory and stimulatory receptors on natural 
killer (NK) cells.  In this way they are able to inhibit NK-mediated cytolytic activity 
(Lanier, 1997). 
There are two classes of MHC class I molecules: classical and nonclassical.  
Classical MHC class I, or class Ia, molecules are highly polymorphic, especially in the 
peptide-binding region.  They are expressed on all nucleated cells and present peptides to 
CD8+ T cells (Kumánovics et al, 2003).  Nonclassical, or class Ib, molecules were 
originally defined as showing low polymorphism, unknown function, and are found in a 
restricted set of tissues (Pyo et al, 2006).  It is now known that nonclassical class I 
proteins can also be polymorphic, although the level of variation in these alleles is low.  
They are also able to present peptide antigens to CD8+ T cells in the same way as 
classical class I molecules.  In humans the non-classical MHC class I molecule HLA-G is 
expressed in specifically in placental tissue and probably plays a role in maternal 
tolerance of the fetus during pregnancy (Pyo et al, 2006). 
Classification of nonclassical molecules is now dependent on a mixture of 
function, structure, and chromosomal location (Kumánovics et al, 2003).   In equids and 
other species the division of nonclassical and classical MHC class I is assigned by 
sequence similarities.  In horses genes which have a transmembrane length of 35 amino 
acids and high polymorphism are classical MHC class I genes while genes encoding 
4 of 37 transmembrane domains of 36-40 amino acids and low polymorphism are defined as 
putative nonclassical MHC class I genes (Holmes and Ellis, 1999). 
The MHC class I gene organization is highly conserved across species.  The class 
I gene is made up of 8 exons and 7 introns (Figure 1).  Each exon corresponds to a 
different domain in the protein.  Exon 1 encodes the leader sequence; exons 2, 3, and 4 
encode the alpha 1, 2, and 3 domains respectively.  The transmembrane-spanning domain 
is encoded by exon 5; exons 6, 7, and 8 encode the cytoplasmic tail.  The length of exons 
is highly conserved but the length of introns may vary between different species.  Exons 
2 and 3 are the most polymorphic and code for the peptide binding region (PBR) of the 
protein.  The high level of polymorphism in this region reflects the role of presenting 
many different pathogen-derived peptides to T-cells.  In Figure 1 the Antigen 
Recognition Sites are shown by dark areas both on the linear gene and the top view of the 
three dimensional protein.  The dark areas of the gene are the regions that show the 
highest level of polymorphism and correspond to the region in the protein, between the 
two alpha helices, where the peptide antigens bind. 
  The MHC of the mouse was the first to be discovered and is referred to as the H-2 
region.  The H-2 region has been mapped to mouse chromosome 17.  In the mouse the 
class I genes are classified as H2-K, -D, -L, -Q, -T, and –M regions.  H2-K, -D, and –L 
are considered to be the classical MHC class I genes of mice and the rest are non-
classical class Ib molecules.  There are about 30 functional class I genes in mice but the 
number of expressed class I genes varies among haplotypes (Kumánovics et al, 2003).  
In humans, the MHC or human leukocyte antigen (HLA) gene complex is 3.6Mb 
in length, and found on the short arm of chromosome 6 (Mungall et al, 2003).  The HLA 
5 of 37 region is characterized by high gene density, a large number of duplicated genes and 
many polymorphic genes.  About 40% of the expressed genes in this region have immune 
system functions.  The HLA gene complex is divided into 3 distinct regions.  From the 
centromere to the telomere these regions are class II, III and I (Kulski et al, 2002).   
The MHC is the most gene-dense region of the human genome and this holds true 
for other mammalian species as well.  There are several MHC class I genes each with 
many different alleles.  Due to the high level of variation it is very unlikely that two 
unrelated individuals would carry exactly the same MHC alleles.  There are 18 HLA 
class I genes (6 coding and 12 pseudogenes) and 7 MHC Class I-chain related (MIC) 
genes (2 coding and 5 pseudogenes).  The eight functional class I genes in human are 
HLA-A, -B, -C, -E, -F, -G, MICA and MICB.  HLA-A, -B, and –C are classical MHC 
class I molecules with 506, 851, and 276 alleles identified for each, respectively, to date.  
HLA-B, with 851 alleles and 86 SNPs per kb, is said to be the most polymorphic gene in 
the human genome (Mungall et al, 2003). In the classical MHC class I molecules 
polymorphism is highest in the alpha 1 and alpha 2 domains, corresponding to exon 2 and 
3 of the class I gene.  Most of the nucleotide changes occurring within this region are due 
to non-synonymous base pair changes (Parham et al, 1988). The rest of the MHC class I 
genes are considered to be non-classical (Kumánovics et al, 2003) with 9, 21 and 23 
alleles found for HLA-E, -F, -G, respectively (as of January 2007, 
http://www.ebi.ac.uk/imgt/hla/intro.html).  The non-classical genes show much less 
polymorphism and the majority of the polymorphism consists of synonymous changes 
(Pyo et al, 2006). 
6 of 37 To fully understand the true function and purpose of class I genes, the evolution 
must be studied to determine the origin of the MHC.  MHC evolution has been studied by 
sequence comparison between different species and comparative maps suggest that the 
class I region is the most divergent of the genes in the MHC (Kulski et al, 2002).  In 
comparisons done between humans and closely related primates it has been determined 
that there is no sharing of alleles between humans and chimps, and there are many 
differences in the divergence of MHC alleles and genes since speciation, about 5 million 
years ago (Adams and Parham, 2001).  This shows that the MHC class I genetic region is 
rapidly evolving (Piontkivska and Nei, 2003).  Pressure from rapidly evolving pathogens 
is largely responsible for the generation and maintenance of the diversity of the MHC.   
Hughes and Nei (1988) attribute the high polymorphism of the MHC class I gene to be 
due to overdominant selection or heterozygote advantage.  They found that the MHC 
class I gene is rapidly evolving but still highly conserved.  In a comparison of dN (the 
number of nonsynonymous substitutions per nonsynonymous sites) to dS (the number of 
synonymous substitutions per synonymous site) between the antigen recognition sites 
(ARS) and area outside of antigen recognition site for the MHC class I gene it was found 
that within antigen recognition site the dN is greater than dS, which shows that positive 
selection is occurring, but outside of the ARS dN is less than dS meaning purifying 
selection is occuring.  In this way the genetic variation that is occurring within the 
antigen recognition sites is causing protein variation, allowing the molecule to bind to 
many different peptides, but the genetic variation occurring outside of the antigen 
recognition sites does not cause the protein to change. 
7 of 37 The MHC originated in chordates as part of the adaptive immune system.  The 
class I genes are believed to have split off from the immunoglobulin family and diverged 
through gene duplication and development of new function (Danchin et al, 2004).  
Polymorphism developed through nucleotide substitution and gene conversion.  For most 
genes polymorphism develops after speciation, but for MHC class I genes it is thought 
that a new species inherits a group of alleles from its ancestors.  In this way MHC class I 
polymorphism disregards borders between species.  This makes species-specific 
phylogenetic clusters for closely related species difficult to demonstrate. 
Studies have shown that many mammals have a complex MHC and 
characterization of each species cannot be investigated by comparison with human and 
mouse alone.  In humans, all of the polymorphic class I alleles are gene products of the 
three main classical class I genes, HLA-A, -B, and –C, and every haplotype contains 
these three genes.  In other species, such as cattle, rats, and rhesus monkeys, it has been 
shown that there are more than three classical loci and not all loci are represented in 
every haplotype (Birch et al, 2006, Gunther et al, 2001, Otting et al, 2004).  The high 
level of polymorphism found in the human MHC has been attributed to point mutations 
and interlocus recombination driven by pathogen selection.  This explanation does not 
explain the evolution of the MHC region in other species.  Other species maintain the 
high level of polymorphism by generating haplotypes that vary considerably in the 
number and combination of transcribed genes.   
In cattle there are 6 apparent classical class I genes (Birch et al, 2006).  Three of 
these genes are highly polymorphic and 1 to 3 of these genes are transcribed per 
haplotype.  There are also several alleles that have been found that do not fit in with any 
8 of 37 of the other genes by sequence comparison.  The maintenance of class I diversity in cattle 
has been attributed to gene shuffling, deletion and unequal crossing-over (Birch et al, 
2006).   
In horses the MHC is referred to as the equine leukocyte antigen system (ELA) 
and is found at position q14-q22 on chromosome 20.  The CHORI-241 equine Bacterial 
Artificial Chromosome (BAC) library enabled construction of horse BAC contigs 
spanning most of the equine MHC region (Gustafson et al, 2003).  BAC clones 
containing MHC class I genes were used in combination with RT-PCR, cloning, and 
sequencing to identify 15 genes that include seven expressed MHC class I genes in the 
ELA-A3 haplotype (Tallmadge et al, 2005).  Four of the expressed genes had 
characteristics of classical MHC class I genes, while the other three appeared to be non-
classical class I genes, following the definitions proposed by Ellis and colleagues (Ellis et 
al, 1995).   
PCR primers that amplified either all classical horse MHC class I genes or only 
the products of individual MHC class I loci were designed and applied to cDNA from 
horses homozygous for several different MHC class I haplotypes.   Analysis of the 
products obtained suggested that the horse is more similar to cattle (Birch et al, 2006) 
than it is to humans or mice.  Human and mouse MHC haplotypes differ in allelic, but not 
in gene, content.  In horse, on the other hand, each MHC haplotype investigated seemed 
to have a unique complement of genes.  The typical MHC class I region structure seemed 
to include two or three classical polymorphic loci that were members of an allelic series, 
and one or two other classical class I genes that did not cluster with any of the other horse 
MHC class I genes identified (Tallmadge, 2005).  This study built on an early report of 
9 of 37 donkey MHC class I sequences (Baker et al, 2001) and the proposed equine MHC 
structure described above to investigate MHC class I gene content and polymorphism in 






















10 of 37 Materials and Methods 
Animals and tissues 
  The four donkeys sampled for this study were from the Equine Genetics Center 
experimental herd at Cornell University.  Two MHC class I homozygous jack donkeys 
and two MHC class I heterozygous jenny donkeys were selected for this study.  MHC 
haplotype determination was based upon breeding history and MHC antigen phenotype 
determined using donkey alloantisera in the lymphocyte microcytotoxicity assay (Baker 
et al, 2001). 
RNA isolation and cDNA synthesis 
  RNA was extracted from peripheral blood lymphocytes which were isolated from 
venous jugular blood using methods described previously (Antczak et al. 1982).  Total 
RNA from peripheral blood lymphocytes was isolated following homogenization by 
QIAshredder (Qiagen, Valencia, CA) as directed by the RNeasy mini kit (Qiagen).  One 
microgram of RNA was treated with DNase I (Invitrogen, Carlsbad, CA) to degrade any 
contaminating genomic DNA.  cDNA synthesis reactions were primed with oligodT (PE 
Biosystems, Foster City, CA) and transcribed by Moloney Murine Leukemia Virus 
Reverse Transcriptase (M-MLV RT, USB, Cleveland, OH).  A No-RT negative control 
was included for each sample to ensure against genomic DNA contamination.  
RT-PCR and sequencing 
  Donkey specific PCR primers were designed from sequences determined by 
Baker and colleagues (2001) and Tallmadge et al (2005).  After initial donkey MHC 
sequences were obtained, additional donkey-specific primers were designed for both 
classical and nonclassical sequences.  Classical and nonclassical specific primers can be 
11 of 37 found in Tables 1 and 2, respectively.  Primers were designed with Primer3 on the Web at 
http://www.genome.wi.mi.edu/cgi-bin/primer/prime3.cgi and synthesized by Integrated 
DNA Technologies.  All reactions were carried out in 25 ul volumes containing 
approximately 50ng PBLcDNA, 1x cloned PCR buffer, 0.2 mM dNTPs, 1.5 mM MgCl2, 
0.25 μM of each primer, 2.5 units Cloned Taq DNA polymerase.  Reactions were 
amplified on a Stratagene Robocycler or Eppendorf MasterCycler using the following 
conditions: 94°C (1:00 min) 1 cycle, 94°C (1:00 min), 55°C (1:00 min), 72°C (1:00 min) 
for 33 cycles, 72°C (10:00 min) 1 cycle.  PCR products were visualized on 1% agarose 
gels stained with ethidium bromide and visualized under a UV Transilluminator (UVP, 
Upland, CA).  PCR products were purified using the QIAquick PCR Purification Kit 
(Qiagen), cloned in the PCR4 Blunt-TOPO vector using the Zero Blunt TOPO PCR 
cloning kit (Invitrogen), and sequenced at the Biotechnology Resource Center at Cornell 
University, Ithaca, NY with an Applied Biosystems automated 3730 DNA Analyzer 
(Foster City, CA). 
Sequence analysis 
Sequences were analyzed with VectorNTI software (Invitrogen).  Alignments and 
sequence identity tables were generated by MegAlign from the LaserGene package 
(DNASTAR, Inc. Madison, WI).   Phylogenetic trees were constructed based on the 
coding sequence of donkey and horse MHC class I genes excluding residues of the 
Antigen Recognition site using the neighbor-joining method (Saitou and Nei, 1987) on 
the basis of Tamura-Nei distances (Tamura and Nei, 1993) using the MEGA3 version 3.1 
(Kumar, Tamura, Nei 2004). 
 
 
12 of 37 Results 
Strategy for identifying donkey MHC class I genes 
  MHC class I genes are highly conserved between species.  The first part of my 
strategy was to take advantage of previously published horse and donkey MHC class I 
sequences to design primers.  I was able to use available horse MHC class I sequences, 
and three donkey MHC class I sequences identified previously by Dr. Jessica Baker, a 
former PhD student in Dr. Antczak’s laboratory, to design a panel of PCR primers for use 
with donkeys.  Primer sequences are shown in Tables 1 and 2 for primers designed to 
amplify classical and non-classical MHC class I genes respectively.  A large number of 
primers were used because the initial primer set yielded very few unique sequences.  
Primer locations are shown in Figures 2 and 3.  Tables 3 and 4 summarize the number of 
clones sequenced for each primer set.   
  A second part of the strategy was to search only for expressed donkey MHC class 
I genes.  I did this by using mRNA and RT-PCR.   This is important because the MHC 
class I gene complex contains a large number of genes, many of which are pseudogenes.  
This study is focused only on the expressed donkey MHC class I genes. 
  The third aspect of my strategy was to use a small number of donkeys that had 
been selectively bred for their MHC class I types in Dr. Antczak’s research herd.  Two of 
these animals have a high probability of being homozygous.  This would lead to the 
prediction that they would express fewer MHC class I genes and only one gene per locus.  
This would make the assignment of genes to specific loci easier since each haplotype can 
only express one allele at each locus. 
 
13 of 37 Number of class I genes identified 
  A total of 182 classical and 24 non-classical MHC class I sequences were 
amplified (Tables 3 and 4).  Of these sequences there were 35 unique MHC class I 
sequences identified in the four donkeys tested.  Only the sequences that were found 4 or 
more times were analyzed and are presented here.  Of the 19 sequences reported here, 12 
were classical sequences and 7 were non-classical.  The sequences were determined to be 
classical or non-classical based on the length of their transmembrane region.  The 
transmembrane region is 105 bp in classical gene sequences and 120bp in non-classical 
genes (Holmes and Ellis, 1999). Two to three classical and non-classical MHC class I 
genes were found in all four donkeys (Tables 5 and 6).  Non-classical MHC class I genes 
amplified from donkey 1987 were not found 4 or more times and therefore are not 
included in this data.  I have designated the donkey gene sequences with the accession 
number for the donkey (eg. 1987) followed by a period (.) and a lower case letter. 
 
Assignment of donkey MHC class I sequences to loci 
   Donkey sequences were analyzed with horse MHC class I sequences previously 
determined by Dr. Rebecca Tallmadge in Dr. Antczak’s laboratory and previously 
published horse sequences taken from GenBank (Table 7).  The sequences were 
subjected to bioinformatic analysis using the MEGA 3 program.  Phylogenetic trees were 
constructed based on the coding sequence of the horse and donkey MHC class I genes 
excluding the residues of the Antigen-Recognition site.  Sequences were analyzed using 
the neighbor-joining method on the basis of Tamura-Nei distances.  Donkey sequences 
14 of 37 were aligned through MEGA 3 both by themselves and with horse sequences.  Classical 
and non-classical MHC class I sequences were analyzed separately.   
Cluster analysis revealed several groupings for the donkey sequences.  Some of 
the classical donkey sequences clustered with horse sequences at previously identified 
loci (3611.a, 3611.b, 3489.c, 1988.a, 1988.b, 1987.a, 1987.d of Table 5).  Figure 4 
displays the horse and donkey classical MHC class I sequences that fall into previously 
established horse loci.  Donkey sequences clustered with horse loci 1, 16, and 19.  All 
four donkeys were found to contain genes of locus 1.  The sequence from donkey 1988 is 
not shown in this data because it was only found one time.   A total of 4 donkey genes 
were found in this locus (1987.a, 1987.d, 3489.c, and 3611.b).  One gene was found in 
locus 16 (1988.a).  Two genes were in locus 19 (3611.a and 1988.b).  The 1988.b 
sequence was identical to horse allele 7-6.  This appears to be an example of transpecifc 
allele identity. 
The remaining classical donkey sequences did not cluster with any known horse 
sequences (3489.a, 3489.b, 1988.c, 1987.b, 1987.c of Table 5).  Three of these donkey 
sequences (3489.a, 3489.b, and 1988.c) do not cluster with each other and seem to 
represent unique loci.  1987.b and 1987.c clustered together and seem to represent two 
alleles of a new classical donkey specific MHC class I locus.  
Donkey sequences for each of the three identified horse non-classical loci were 
identified (Locus 5: 1988.d; Locus 6: 1988.f; Locus 7: 1988.e, Table 6).  The donkey 
locus 7 sequence was found in only 1 clone, but it matched an existing horse sequence 
with only one synonymous nucleotide change at this highly conserved locus.  Figure 5 
shows a phylogenetic tree with horse and donkey non-classical MHC class I sequences.    
15 of 37 The tree shows four donkey sequences (1988.d, 3489.e, 1988.f, and 1988.e) that fall into 
previously established horse non-classical loci (locus 5, locus 6, and locus 7).   
Sequences from three individuals identified a new non-classical MHC class I gene 
in donkeys.  These sequences were assigned a provisional locus designated D (Table 6).   
This gene was determined to be a non-classical locus due to the lengthened 
transmembrane region.  Locus D appears to be closely related to horse locus 7.  Figure 5 
shows three donkey sequences (3489.d, 3611.c, and 3611.d) that grouped together.  These 
genes did not fall into any of the previously established horse nonclassical loci.  Two 
more sequences were also found to fall in this locus, but are not included in this data 
because they were only found twice. 
Figure 6 shows examples of full-length donkey MHC class I classical and 
nonclassical amino acid sequences paired with homologous genes from the horse.  2.1-29 
and 1987.a are classical genes that cluster together in locus 16.  3.5 and 1988.d are non-
classical sequences of locus 5.  The extended transmembrane region can be seen in the 
non-classical molecules between amino acid positions 315 and 320.  Conservation of 
amino acid residues between classical horse and donkey and nonclassical horse and 
donkey sequence are indicated by red circles.   
Figure 7 displays the amino acid alignment of the alpha-2 exon of several horse 
and donkey MHC class I sequences.  This exon contains four important features.  First, it 
shows one of the molecule’s two hypervariable regions that make up the peptide biding 
site.  This region can be seen between amino acid position 52 and 82.  Second, it contains 
some of the amino acid positions that are conserved among all horse and all donkey 
MHC class I sequences discovered thus far. Third, it reveals 'framework" amino acids 
16 of 37 that are shared among all members of defined allelic series, and shows that these 
sequences are conserved between horses and donkeys.  Fourth, and finally, it shows the 





















17 of 37 Discussion 
This study revealed several important features of expressed MHC class I genes of 
the donkey.  It was expected that the donkey MHC class I genes would be very similar to 
that of the horse, with many different loci.  The general structure and polymorphism of 
the MHC class I region of donkeys seems to be very similar to that of the horse, 
suggesting that the model proposed for the horse may be applicable to other equids.  This 
study extends the findings of Holmes and Ellis, who determined evolutionary 
relationships among equid MHC class I sequences based upon sequence information 
limited to the transmembrane-cytoplasmic region (Holmes and Ellis, 1999).   
In horses it has been found that there are three to four classical class I genes per 
haplotype.  This is very similar to what I found in donkeys, with two to three genes per 
haplotype.  For the non-classical MHC class I genes, horses have been found to have two 
to three genes per haplotype.  Donkeys also follow this pattern. 
The pattern of having a few loci with many alleles that are highly polymorphic 
and then having other genes that are expressed in only one or two haplotypes has also 
been described in cattle (Birch et al, 2006).   
Of particular importance is the discovery of donkey classical MHC class I 
sequences that cluster with proposed allelic series of the horse.  This suggests that these 
loci existed in the progenitor of horse and donkey.  Locus 1 contains sequences from 
most previously established horse haplotypes and all four donkeys.  This locus is 
probably very important to the immune system.  Its high variability shows that it is under 
strong selection pressure and the fact that it has been maintained in both horse and 
donkeys suggests that it is important.   
18 of 37   The 1988.b sequence was found to be identical to 7-6, a previously published 
horse sequence.  This sequence was found 8 times by four different primer sets.  Since 
this sequence is identical it has not changed at all since the speciation of horse and 
donkey.  It is in horse locus 19 which previously only contained two horse alleles, and 
now also has two donkey alleles.   
Several of the non-classical MHC class I genes found in donkeys were extremely 
similar to the horse non-classical MHC class I gene sequence.  Donkey sequence 1988.d 
differed from previously published horse sequence A1 by only a single nucleotide change.  
This sequence has changed very little since the split between horse and donkey.  Another 
donkey sequence, 1988.e, differs from horse sequence 3.7, from locus 7, by only 1 
synonymous nucleotide change.  The 3.7 sequence is closer to the donkey sequence than 
it is to any of the other horse alleles for this gene.  This suggests that the 3.7 allele is 
more ancestral than the other alleles. 
The nonclassical horse loci 6 and 7 seem to have a major allele which is seen in 
most haplotypes examined and a second minor allele only found in one haplotype.  The 
donkey nonclassical gene for locus 6 matches the major allele.  The donkey allele for 
locus 7 matches the minor for this locus. 
One gene from donkey 1987 was found to group very closely to horse sequence 
3.3.  This sequence was only found twice so was not included in the data here.  Locus 3 
in horses contains only one allele (3.3) and has only been found in the A3 haplotype. 
Therefore this suggests that this locus existed before speciation of donkeys and horses. 
One of the homozygous donkeys (3489) that was assigned the donkey haplotype 1 
did not share any classical sequences with jenny donkey 1988, which was typed as a 1/2 
19 of 37 heterozygote.  This highlights the inadequacy of currently available alloantisera for 
serological MHC typing of donkeys, which have not been studied as intensely as horses. 
Only those sequences found 4 or more times were analyzed for this study.  These 
sequences may be more abundant than those found less often, or they may be 
preferentially amplified by the primers used.  Further detection of the less abundant 
sequences using targeted PCR approaches may lead to a fuller characterization of the 
donkey MHC class I region. 
The donkey data reinforce the horse data and the hypothesis, made by Dr. 
Rebecca Tallmadge, that the MHC class I region in horses appear to have a different 
content of class I genes between horses with distinct MHC haplotypes.  There seem to be 
a few loci found in most or all horses, and other loci unique to only on or a few 
haplotypes (Tallmadge, 2005).  The MHC class I genes in equids follow a pattern more 
similar to that of cattle and rhesus macaques than humans and mice (Birch et al, 2006, 
Otting et al, 2004). 
A Bacterial Artificial Chromosome (BAC) library would be useful for confirming 
the number and location of the MHC class I genes in the donkey.  A donkey homozygous 
for the MHC class I region should be used, such as 3611, if a BAC library was to be 
made.  If possible, BAC libraryies from several donkeys of different MHC class I 
haplotypes should be used in order to determine the differences between haplotypes.  
From the BAC library a contig of the MHC region could be constructed (Gustafson et al, 
2003).  The BAC library could be used to search for any other MHC class I genes and 
pseudogenes. 
Further tests could be performed to determine the functionality of the MHC class 
20 of 37 I genes determined here.  MHC class I sequences could be determined from several 
related donkeys to further assign certain sequences to specific haplotypes and study the 
inheritance of specific MHC class I genes. 
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23 of 37 Table 1.  Primers used for amplification of classical 
donkey MHC class I genes. 
   Primer  Sequence (5'-3') 
JBClIF ATGCCCCCAACCTTCCT   
DClIF CTTCCTCCTGCTGCTCTC 
DClIF2 CCCACTCCATGAGGTATTTC  
154F GTGGACGACACGCAGTTC   




HEClIF TCCTGGACCGCTGCGGAC  
JBClIR CTCCCACAGAAAGTGTGA 
DClIR GGCCACTGTCTCACACTTTC  Reverse 
Primers 
































24 of 37 Table 2.  Primers used for amplifcation of donkey 
non-classical MHC class I genes. 
   Primer  Sequence (5'-3') 
A1F CACTCCATGAGGTATTTCC 
A1F2 AGTATTGGGAGCGGAACAC 













































25 of 37 Table 3.  Total number of classical MHC class I sequences 
amplified in this study with RT-PCR on cDNA. 
      Number of Sequences Amplified
   Forward  Reverse Length 3489 3611 1988  1987  Total
1  JBClIF  HEClIR 1115  7 7 5 7 26 
2  DClIF  HEClIR 1104  6 5 9 7 27 
3  DClIF2  HEClIR 1051  9 5 9 14  37 
4  154F HEClIR 974 6 4 8 2 20 
5  DClIF3  HEClIR 882 3 4 0 0 7 
6  3A11NF  HEClIR 866 1 0 9 0 10 
7  HEClIF  HEClIR 662 0 3 NT  NT  3 
8  DClIF3  DClIR  848 8 7 0 9 24 
9  154F DClIR  940 6 4 0 0 10 
10  JBClIF  JBClIR  1071  0 3 0 NT  3 
11  DClIF  JBClIR  1060  0 9 0 NT  9 
12  154F JBClIR  933 0 6 0 NT  6 



























26 of 37 Table 4.  Total number of non-classical MHC class I sequences 
amplified in this study with RT-PCR on cDNA 
      Number of Sequences Amplified
    Forward Reverse Length 3489 3611 1988 1987 Total
13  A1F A1R 287 2 0 0 0 2 
14  A1F2  A1R2  791 3 2 0 0 5 
15  HEClIF  A1R2  570 1 1 NT  NT  2 
16  C1F C1R 413 0 0 3 0 3 
17  C1F1  C1R 522 1 0 1 2 4 
18  C1F2  C1R1  711 1 0 0 0 1 
19  HEClIF  C1R1  562 0 4 NT  NT  4 
20 E1F  E1R  301  0  1a 0 0 1 
21  E1F1  E1R 205 0 1 0 1 2 
      Total 8 9 4 3 24 






























27 of 37 Table 5.  Classical Donkey MHC classical class I 
sequences obtained by RT-PCR of lymphocyte cDNA 
followed by cloning and sequencing. 
Donkey, Acc.#,  MHC  Length Times  ELA 
MHC Haplotype  Sequence
a (bp) Found  Locus 
Black Jack  3611.a  1071  41  19 
3611  3/3  3611.b  1007  15  1 
Cracker Jack  3489.a  1115  19  -- 
3489  1/1  3489.b  848  8  -- 
   3489.c  800  5  1 
Joan 1988.a  1115  10  16 
1988  1/2   1988.b  1115  8  19 
   1988.c  1115  6  -- 
Carol 1987.a  1115  7  1 
1987  2/5  1987.b  1115  18  -- 
 1987.c  750  7  -- 
   1987.d 848  4  1 
a Name is designated by the accession number, 






















28 of 37 Table 6.  Non-classical Donkey MHC non-classical 
class I sequences obtained by RT-PCR of lymphocyte 
cDNA followed by cloning and sequencing. 
Donkey, Acc.#,  MHC  Length Times  ELA 
MHC Haplotype  Sequence
a (bp) Found  Locus 
Black Jack  3611.c  792  2  D 
3611  3/3  3611.d  567  3  D 
Cracker Jack  3489.d  1118  10  D 
3489  1/1  3489.e  788  4  5 
Joan 1988.d  1118  7  5 
1988  1/2  1988.e  1064  1  7 
   1988.f  522  4  6 
a Name is designated by the accession number, 




























29 of 37 Table 7. Horse MHC class I sequences available in GenBank 
     
Sequence ID  ELA Locus  GenBank Accession #  Reference 
ECMHCB1  1  X79890  Ellis et al., 1995 
ECMHCA1  5  X71809  Ellis et al., 1995 
ECMHCC1  6  X79893  Ellis et al., 1995 
ECMHCE1  7  X79894  Ellis et al., 1995 
7-4  1  AY225153  Chung et al., 2003 
7-6  19  AY225155  Chung et al., 2003 
2.1-29  16  M95410  Carpenter et al, 2001 
2.5 5  DQ145611  Tallmadge,  2005 
2.7 7  DQ145616  Tallmadge,  2005 
3.1 1  DQ083408  Tallmadge,  2005 
3.5 5  DQ083412  Tallmadge,  2005 
3.6 6  DQ083413  Tallmadge,  2005 
3.7 7  DQ083414  Tallmadge,  2005 
5.b 16  DQ145593 Tallmadge,  2005 
5.6 6  DQ145613  Tallmadge,  2005 
5.7 7  DQ145617  Tallmadge,  2005 
9.c 1  DQ145597  Tallmadge,  2005 
9.d 16  DQ145598 Tallmadge,  2005 
9.5 5  DQ145612  Tallmadge,  2005 
9.6 6  DQ145614  Tallmadge,  2005 
9.7 7  DQ145618  Tallmadge,  2005 
10.a 19  DQ145599 Tallmadge,  2005 
10.b 1  DQ145600 Tallmadge,  2005 

















30 of 37  
Figure 1. MHC Class I gene and molecule showing linear  























31 of 37 12
CDS 1083 bp




















Figure 2. Diagram of full length donkey MHC Class I cDNA.  Shown below are the 
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Figure 3. Diagram of full length donkey MHC Class I cDNA.  Shown below are the 



























Figure 3. Diagram of full length donkey MHC Class I cDNA.  Shown below are the 




























33 of 37 Figure 4.  Phylogenetic tree of horse and donkey classical MHC class I 
cDNA sequences.  Phylogenetic tree was constructed based on the coding 
sequence of classical horse and donkey MHC class I genes excluding residues 
of the Antigen-Recognition site.  Only sequences in loci 1, 16, and 19 are shown 
here.  Locus groupings shown on the right.  Percent of supporting bootstrap 
replications (n=1000) are shown next to the branches.  Donkey sequences are 


























































Figure 5.  Phylogenetic tree of horse and donkey non-classical MHC class I 
cDNA sequences.   Phylogenetic tree was constructed based on the coding 
sequence of non-classical horse and donkey MHC class I genes excluding 
residues of the Antigen-Recognition site.  Locus groupings shown on the right.  
Percent of supporting bootstrap replications (n=1000) are shown next to the 
branches.  Donkey sequences are shown in yellow, all other sequences are horse 
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